Abstract-The use of broad-band sources, polarized and unpolarized, in fiber gyroscopes with linearly birefringent fibers, is studied theoretically. Polarization-mode coupling in the fiber is modeled using onemode coupling center. Gyroscope output equations are obtained which are useful in interpreting an origin of fiber noise in the limiting cases of low and high fiber birefringence.
I. INTRODUCTION
T HE USE of broad-band sources in fiber gyroscopes [ l ] to reduce fluctuations in Rayleigh backscattered light [l] , [2] is making an important contribution to the reduction of excess noise in these devices. The most practical of such sources, whose use was first reported in a gyro by Bohm et al. [3] , is the superluminescent diode (SLD), which ideally emits in a broad wavelength band without longitudinal-mode structure. Lee et al. [4] reported in the original work on SLD's that the output was largely unpolarized, a fact that has been recently confirmed in CW devices [5] .
In the conventional fiber-optical gyroscope configuration with a monochromatic source [ 6 ] , a polarizer is employed to eliminate nonreciprocal paths through the device. This polarizer has proven to be a critical component, as gyro sensitivity depends directly on the polarizer extinction ratio [7] .
However, Pavlath and Shaw [8] have recently shown, for narrow band, unpolarized sources used without a polarizer, that nonreciprocal effects also do not occur in an idealized case. Also it was shown that a depolarizer, inserted in the fiber coil to obtain depolarized light, aided in the reduction of polarization noise [ 3 ] . These considerations raise the question as to whether a broad-band depolarized source might, at least in principle, be used to advantage in a gyro directly, eliminating both the polarizer and the depolarizer [3] . Recent experimental results with a gyro employing a passive 3 X 3 coupler [9] , which showed less noise with an unpolarized source than with a polarized source, lends support to this line of reasoning.
In this paper, we attempt to deal with this question by deriving the output equations for a fiber gyroscope with a broad-band unpolarized source and a linearly birefringent fiber coil, both with and without a polarizer following the source. We extend the analysis of Pavlath and Shaw [SI to a broad-band source, by introducing the degree of coherence, which depends on the source bandwidth and fiber characteristics, and we allow for arbitrary orientation of the birefringent fiber. As in the work of Pavlath and Shaw [S] , the effect of polarization-mode coupling in the fiber is modeled by allowing for a one-mode coupling center along the fiber. We are able to qualitatively extend this result to the multiplemode coupling center case by considering the limiting cases of fiber length very short or very long, compared to the characteristic length for polarization-mode mixing in the fiber. These cases correspond to high or low fiber birefringence, respectively.
Although, without experimental results, we cannot answer the question posed above, we do obtain a model for fiber noise in a gyro which adds physical insight to the existing understanding. In the high birefringence limit we calculate the orientational requirements on the fiber axes and, if present, the polarizer. Interference effects and resulting fiber noise in the gyro output are shown to be a consequence of environmental variations of mode coupling at centers located within certain regions along the fiber coil, namely the middle and each end. These noise sources, which contribute to polarization noise in gyros with a polarizer, are shown to contribute to fluctuations in the sensitivity of gyros without a polarizer. The length of the fiber sections, w h c h contain contributing centers to this noise, depend on the source bandwidth and the group delay difference between the polarization modes. We give numerical estimates for these effects, assuming fibers of various birefringence and a SLD with a near-Gaussian spectral distribution. Finally, in Appendix I1 we apply the theory developed to calculate the sensitivity limitation of a fiber gyro with a broad-band source, due to the bandwidth of the source.
THEORY
We consider a gyroscope arrangement, shown in Fig. Ita) , consisting of a perfectly unpolarized SLD and a perfect polarizer, which may be inserted as shown, or removed. The gyro signal is taken as that intensity of light returning to the source, through the polarizer when it is present. The 2 X 2 directional coupler is assumed to be 3 dB and isotropic, with respect to optical polarization. The fiber comprising the coil is assumed to have arbitrary linear birefringence with resulting difference in the mode propagation constant Ab = Pb -Pa and length L . The Sagnac phase shift is 2@ and we assume an additional nonreciprocal phase shift of ~/ 2 , for propagation in the counterclockwise direction, to give output equations with maximum sensitivity at zero rotation rate.
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The coupler transfer matrix is defined by
for both polarizations and in either direction. The subscripts 1 and 2 refer to the coupler leads as shown in Fig. l achieving this result experimentally are described in the literature. In Fig. l(a) , the fiber coil lies in the X-Y-plane and the Y-axis is normal to the figure. The orientation of the transmission axis of the polarizer and the birefringent axes a and b at the fiber ends 1 and 2 are defined in Fig, l(b) and (c), respectively. In Fig. l(b) , we show orientation at the plane m-n and in Fig. l(c) , at the plane 0-p, looking in the -Z-direction in each case. We note that the birefringent axes undergo a reflection about the Y-2-plane, as the loop is traversed. Thus with our convention in Fig. l where < ) signifies time average. Equation (2b) expresses the fact that orthogonal components in unpolarized light are uncorrelated. With the polarizer in place, the transmission axis defines an axis along which the light is correlated and the input to the coupler may be expressed without the polarizer.
In the fiber loop we assume a polarization-mode-coupling center which couples a fraction of power a between the modes at a location I , measured from fiber end 1 (Fig. 2) . We assume no mode coupling at other points along the fiber. The transfer matrix for the mode-coupling center, for propagation from 1 -+ 2, may be expressed where 0, is defined in Fig. l center at E, respectively. For propagation from 2 + 1, the inverse of the matrix in (9) must be employed. Propagation in the fiber is governed by the frequency-
Employing the transfer matrix in (9) and the loop phase shifts shown in Fig. l(a) , we obtain the frequency-dependent fibertransfer equations where the superscript o denotes an output field and @ @(a).
We note that (7) and (8) are time dependent, whereas the inputs required in (10) are frequency dependent. Using (5), (6), and (10) we can obtain the coupler outputs at the plane
m-n, E;,(w) and EYOl(w). With the polarizer in place, the frequency-dependent output is
However, what we want are time-averaged output intensities, which may be expressed in terms of time-dependent fields as without the polarizer. For monochromatic light, one simply substitutes (7) or (8) into (10) and subsequently calculates (12a) or (12b) employing the time averages in (4) or (2). For the broad-band light we are interested in, we employ the rule for interference of quasi-monochromatic light [ 101 , which is derived in Appendix I for the case of polarization modes in a dispersive medium. Here, we restate the rule as follows: for an output frequencydependent field of the form
( 1 3 4 where E, and Eb have propagated in different modes but are now assumed to be polarized in the same direction, the output time-averaged intensity, for the case stated in Appendix I, is given by
Here, I, and I , are the time-averaged intensities
( 1 4 4 1,
z is the fiber length over which power is propagating in the two modes and ABo Ap(w0). y(z) is the degree of coherence, which for a Gaussian-shaped spectral intensity
In (15), 60 is the half-width at half intensity of the Gaussian spectrum, and 67, = dAfl/dw is the fiber group delay difference or polarization-mode dispersion. We note that y(z) varies between 0 and 1 and exponentially decays to e-l at a length which may be considered typical of the distance over which the light can propagate in the two modes and still interfere upon recombination. We will refer to L , as the depolarization length [12] . In the narrow-band limit (6w .+ 0), we have y(z) .+ 1 so that (13) reduces to the usual result for monochromatic light.
The result of (13) may be applied directly to our problem and, after considerable calculation, we obtain the output equations
. COS 2(e1 -e, ) cos 2(e, + e, )
with a polarizer, and
without a polarizer. In (17) we have ignored the frequency dependence of the Sagnac phase shift 2@0 2@(00), which we treat in Appendix 11.
DISCUSSION
Equations (17a) and (17b) are the central results of this paper. We first notice that nonreciprocal noise terms (additive constant to the Sagnac phase shift 2@0) do not occur in either case. This was pointed out previously for both the case with a polarizer When a polarizer is used (17a) the noise terms appear as a product times the ideal output (1 + sin 2@0) and variations in these terms will appear as a fluctuation in output intensity. This is the well-known polarization noise which arises due to changes in the output. polarization state incident on the polarizer. In the case without a polarizer, the noise terms appear as a product times the signal sin 2G0 and variations in the noise terms appear as a change in the gyro sensitivity. We will refer to these contributions as polarization noise and sensitivity noise, respectively.
As we will see, for a broad-band source, 6a is sufficiently large that we can assume L , << L for fiber lengths of interest, so we can take y ( L ) = 0 in (17). This leaves us with two types of noise terms in (17):
1) those where a appears by itself, where contributions can occur from any point along the fiber; and 2) those which appear as the product ory(z), which only contribute from locations along the fiber for which y(z) is nonzero. Considering the latter source in more detail, we see that contributions to noise arise from mode-coupling centers
from the beginning, middle, or end of the fiber coil. The length of these contributing fiber segments depends on the magnitude of L,, which from (16) depends on 60 and 67,. When a mode-coupling center is at one of these locations, such that y(z) is nonzero, we see from (17) that an interference term results in the output intensity. In effect, the modecoupling center provides a path through the fiber for part of the light, such that the group delay between the interfering components is less than the coherence time [12] . Expressed in terms of lengths, the path length over which the interfering components are in different modes must be less than the depolarization length L,. We illustrate these paths for the contributing centers in Fig. 3(a) and sketch the corresponding value of y(z) (for L >> L,) associated with each region in Fig. 3(b) . This figure illustrates a significant advantage to the use of a broad-band source in a fiber gyro, beyond that obtained from a reduction in Ftayleigh backscatter noise. With a broad-band source, mode coupling at centers which are located in noncontributing regions in the sense of Fig. 3 does not cause noise due to interference in the output. In contrast with a narrow-band source we have y(z) * 1 for all z and mode coupling at any point along the fiber contributes to interference terms and resulting noise in the output. Since we expect a, I , and 67, to be influenced by environmental perturbations, we expect the resulting gyro noise to arise from environmental fluctuations, a point whch has been well documented experimentally.
So far we have considered only the effect of one-mode coupling center. In the following, we qualitatively extend our consideration to multiple coupling centers, and in so doing are able to develop a criterion to distinguish between high and low birefringence fibers for gyro applications.
The effect of multiple-mode-coupling centers is mixing of the polarization modes, a process that is characterized by coupled power theory by a length l / h [13] , [14] . This is the characteristic length in which input power in one mode becomes evenly divided between both. The length l/h depends not only on the fiber birefringence, but also on the strength and spatial distribution of the mode-coupling centers. As before, we assume L, << L. If we also assume l/h << L , we have complete polarizationmode mixing in a short section of the fiber coil, regardless of the input polarization state.
We refer to this condition as the low birefringence case. We model this case by taking site 1 is at a noncontributing location. We obtain from (17) 
Thus in first order (E = 0) we see no orientational dependence of output intensity (18a) or sensitivity (18b) as we would expect in a low birefringence case. Fluctuations in a (E # 0) will cause noise in the output but our single-coupling-center model cannot quantitatively calculate it. In this limit, we would expect to have interference effects and resulting noise from each of the three contributing regions along the fiber, also independent of the fiber orientation.
The high birefringence case now corresponds to the case of 1 /h >> L . Now input polarization in a mode will essentially remain in that mode throughout the fiber coil. In (17) we take or = E and again assume I at a noncontributing location.
We obtain I,,
COS 2(e, -e, ) COS 2(e2 + s, ) ]
and I~ = + (1 t sin 2~~ [cos2 (e, + e,) -E COS 2(e, t e,)]} .
Now we see pronounced fiber orientational dependence on output intensity in (19a) and on sensitivity in (19b), as one would intuitively expect for high birefringence fiber. We might also expect to see an orientational dependence on fiber noise. Alignments which maximize output intensity with the polarizer and sensitivity without the polarizer are defined by ,!I1 = -,!I2 = ,!Ip and ,!I1 = -, ! I 2 , respectively. With this alignment, (1 7 ) yields
and
where we see that compared to the case with a polarizer, the case without the polarizer has an additional interference term resulting from mode-coupling centers at the middle of the fiber coil. Since L , and thus the extent of y ( L -21) can be made very small, it is not possible to predict whether this term will have any substantial effect. The dominant noise term in each case is likely to be the term (1 -a) which can be contributed to from mode-coupling centers at any point along the fiber. It does not cause interference in the output but is a direct amplitude effect, causing fluctuations in the output intensity or sensitivity proportional to fluctuations in the strength of the mode-coupling centers. Thus we expect that low fiber noise in gyros is likely to result from high birefringence fibers with a minimum number of mode-coupling centers with minimum coupling strength, and a small depolarization length L,, which implies a large group-delay difference. We note that this latter requirement is opposite to the requirements of high birefringence fibers designed for optical communications [ 131 . The price one must pay for this potential improvement in performance is the orientational requirement on the fiber ends and the polarizer, if one is used. We also are neglecting here all birefringence aspects of real 2 X 2 couplers, which will complicate fiber orientation, and any circular birefringence which might be present in the fiber coil.
IV. NUMERICAL RESULTS
From the preceding discussion, we have seen that the depolarization length L , is an important parameter effecting fiber noise in gyroscopes. In this section we will give numerical values for L , for several fibers of various birefringence and a near-Gaussian broad-band source.
We calculate L, from experimental measurements of the group-delay difference made in these fibers [ 151 , [ 161 .
The source used was a SLD developed by General Optronics [5] . The source spectrum at 1.3-mW output is shown in Fig.   4 with a Gaussian fit. We measured an average half-width at half intensity of FA = 7.4 nm, giving a corresponding frequency half-width of 6w = 19.7 rad/ps. Although the fit is not so good in the wings, we assume a Gaussian source since it allows us to make analytic computations. 
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Once the source bandwidth is characterized, and the fiber group-delay difference known, the depolarization length L, can be computed from (16). We show the results for four high birefringence fibers and one ordinary circular-core fiber in Table I . L , ranges from 2.3 cm for the Andrew Corporation elliptical core (EC) fiber, to -10 cm for the stress-induced birefringence (SIB) fibers, to 1.8 m for the Corning fiber.
Thus with a broad-band source of this type, the depolarization length in a fiber gyro can be very short indeed, even with a nominally low birefringence fiber.
V. CONCL~JSTONS
We have derived output equations for a fiber-optic gyroscope using a broad-band unpolarized source, both with and without a polarizer following the source. We have accounted explicitly for fiber birefringence and orientation, and have modeled polarization-mode coupling by including one-mode coupling center. Reduced interference due to the broad-band source is accounted for by introduction of the degree of coherence, which depends on the source bandwidth and the group-delay difference of the fiber. The resulting output equations are shown to be useful in interpreting the origin of fiber noise sources in the gryoscope. We make this interpretation in both the low and high fiber birefringence limit, depending on whether the characteristic length for polarization-mode mixing is short or long compared to the length of the fiber coil. In general, there are two types of fiber noise contributions due to mode coupling in the fiber: 1) those which contribute from any point along the fiber, independent of source bandwidth; and 2) those which are limited by reduced coherence to contributing regions at the middle and ends of the coil. The first type is likely to dominate in an optimized system, and will result in polarization noise when a polarizer is used and sensitivity noise when it is not. Both types of noise sources will be reduced with high birefringence polarization preserving fiber, whose ends must be properly oriented for optimum results. Estimates of the depolarization length, which characterizes the spatial decay of coherence, are presented for several fibers of various birefringence and a near-Gaussian broad-band source.
APPENDIX I
The interference of quasi-monochromatic light is considered [lo] for nondispersive media. We wish to extend this treatment to account for the interference of the polarization modes and b in dispersive media. We follow the develop- Ulrich [12] . The frequency-dependent output field is
where Ea and E, are components which have propagated in modes a and b, respectively, but are now assumed to be polarized in the same direction. We wish to calculate the time-averaged output
The time-dependent field components may be expressed in terms of a complex analytic signal
(A3)
With a complex amplitude Eto and a spatial dependence added to (A3), we obtain m Ei(t, z ) = 2Ei0 S, v(w> ei(wt-PiZ) The desired result is then
APPENDIX I1 The frequency dependence of the Sagnac phase shift 24 will limit fiber gyro sensitivity with broad-band sources at high rotation rates [3] . This effect may be estimated by comparing the source coherence length to a length derived from the maximum phase shift I, , , -24/0 where fi is the propagation constant, but may be treated more quantitatively by the approach employed in the body of this paper. For the case with a polarizer we ignore fiber birefringence, mode coupling, and orientational effects to obtain the output field where 1151 (B2) 1161
In (B2), R is the coil radius, s2 is the rotation rate, and c is the speed of light. We express (Bl) as * and the output intensity is [lo] where d2@ -2RLC2 7 = -----. and angular velocity that alter the optical path length of a given fiber. Using long fibers, extremely sensitive sensors can be constructed in principle.
Interferometers are relatively complicated instruments that require beam splitting and recombining elements. A one-fiber interferometer, however, could be attractive as a more compact device. Several approaches to this sensor type have been demonstrated: 1) interference of two modes of different mode number [ 3 ] , 2) interference of common field components of two modes of different polarization in a birefringent fiber [4] , [5] , and 3) interference of a single mode in a fiber-optic resonator or fiber Fabry-P6rot etalon (FFP) [6] - [ 9 ] .
Approach 3) seems to be best suited for sensor applications since its phase sensitivity can be several orders of magnitude higher than that of methods 1) and 2).
We have fabricated several single-mode fiber-optic resonators and studied their behavior as a function of temperature. Their high-phase sensitivity allows them to be used as temperature-0733-8724/83/0300-0105$01 .OO 0 1983 IEEE
